pinacidil (1 to 5 ,umol/L) but never in its absence. Dispersion of repolarization and ectopic activity was most readily induced in epicardium by a slowing of the stimulation rate in the presence of pinacidil. Electrical homogeneity was restored and arrhythmias abolished after washout of pinacidil or addition of either a transient outward current blocker, 4-aminopyridine, or a blocker of the ATP-regulated potassium channels, glybenclamide. Conclusions. Our data suggest that the activation of 'K.ATP can produce a marked dispersion of repolarization and refractoriness in epicardium as well as between epicardium and endocardium, leading to the development of extrasystolic activity via a mechanism that we have called phase 2 reentry. The available data also suggest that blockade of the transient outward current and/or the ATP-regulated potassium channels may be useful antiarrhythmic interventions under ischemic or "ATP depleted" conditions. (Circulation. 1993; 88:1177 -1189 Iay WORDs * myocardium * endocardium * electrophysiology * pharmacology * arrhythmias * reentry * potassium * pinacidil * epicardium P inacidil is known to augment ATP-regulated potassium current (IK-ATp) in cardiac tissues. '-3 Recent studies have suggested that activation of ATP-regulated potassium channels (KATp) by pinacidil and several other related agents may represent a novel pharmacological approach in the treatment of arrhythmias caused by repolarization abnormalities4-7 (see References 8 and 9 for reviews). However, other studies have clearly demonstrated arrhythmogenic and proarrhythmic actions of drugs acting to augment IK-ATP. 3'810 The activation or opening of these channels during myocardial ischemia is thought to be the cause of the net mmol/L, pH 6.8, hypoxia). The dispersion is a result of ischemia-induced loss of the action potential dome (plateau) and marked abbreviation of the epicardial response at some sites but not others. A greater activation of IK-ATP and depression of calcium current in feline epicardial vs endocardial cells after CN-induced metabolic inhibition have also been reported and suggested to contribute to the greater vulnerability of ventricular epicardium during ischemia.26 '27 The present study was designed to contrast the effects of pinacidil-induced IK-ATP activation on the electrophysiology of canine ventricular epicardium and endocardium to assess the possible contribution of this component of ischemia to arrhythmogenesis. Preliminary data have been reported previously. 28 (Fig 1, left) but much more pronounced and nonhomogeneous effects in epicardium. The two epicardial action potentials (Fig 1, right) , recorded simultaneously from the same preparation, showed an accentuation of phase 1 after exposure to pinacidil. In the upper trace, this effect of pinacidil slowed the emergence of the second upstroke; peak plateau was achieved later and APDgo was prolonged (6 milliseconds; 2.8%). The effect of pinacidil to slightly prolong the APD was seen in 4 
Late premature beats were also observed to give rise to extrasystolic activity, although through a somewhat different mechanism. The example illustrated in Fig 7  was recorded from a canine ventricular epicardial preparation after exposure to 5 ,umol/L pinacidil. The first propagated response in each panel is the last of a train of 10 beats elicited at a BCL of 1000 milliseconds. The second is a response to a premature stimulus introduced progressively later in the cycle. The bottom and top traces were recorded at distances of 3 and 5 mm from the stimulating electrodes. All basic beats were devoid of a dome. Premature beats introduced in early diastole displayed a fully restored dome that propagated normally throughout the preparation, producing uniform electrical depolarization and repolarization (Fig 7A; S1-S2, 300 milliseconds). Premature stimuli introduced very late in diastole also produced uniform electrical activation and repolarization of the epicardial preparation, but in this case the premature response was devoid of a dome (Fig 7D; S1-S2 , 800 milliseconds). At intermediate intervals, although activation remained homogeneous, repolarization became heterogeneous, resulting in extrasystolic activity. At an S1-S2 of 445 milliseconds, the dome failed to develop at the distal recording site but did develop in the vicinity of the proximal recording (Fig 7B) . The apparent "early afterdepolarization" observed in the terminal part of phase 3 of the distal action potential is not an early afterdepolarization but rather the electrotonic image of the dome of the proximal response, which failed in its attempt to propagate to the distal site. At a slightly longer S1-S2 interval (450 milliseconds), successful propagation of the dome from the proximal to the distal site gave rise to an extrasystole (coupling interval, 150 milliseconds). Note the electrotonic image of the extrasystolic event in the proximal recording, marking its attempt to propagate back to the proximal site. As we will discuss later, this is a novel mechanism of reentry in which a single impulse can split into two independent wave fronts.
Extrasystolic activity was also observed under steadystate conditions. Fig 8 illustrates an example of pinacidil-induced extrasystolic activity in an epicardial preparation during basic drive at a BCL of 1000 milliseconds.
The three traces were recorded simultaneously from three sites along an epicardial preparation exposed to 3 limol/L pinacidil. The top trace was recorded from a site close to a region at which the action potential dome was maintained. This site is also closest to the stimulating electrode (P in Fig 8) . The other traces (middle and distal) were recorded at sites at which the normal action potential dome failed to develop. Electrotonic current would be expected to flow from the site displaying a second upstroke to those displaying a short APD and is probably responsible for the generation of an ectopic response at the site depicted by the middle recording. The ectopic impulse propagates normally to the distal site but fails to reexcite the proximal site. In some cases, the extrasystole was observed to reexcite the proximal tissue as well (see Fig lOB) . Epicardium  Fig 9 shows transmembrane action potentials recorded simultaneously from three sites along a canine ventricular epicardial preparation. Under control conditions, electrical activity throughout the preparation was fairly homogeneous (Fig 9A) . mediate intervals, repolarization became heterogeneous because of recovery of the dome at some sites but not others. The apparent "early afterdepolarization" observed in the distal recording is not an early afterdepolarization but rather the electrotonic image of the dome of the proximal response, which failed in its attempt to propagate to the distal site. C, At a slightly longer S,-S2 interval, successful propagation of the dome from the proximal to the distal site gave rise to an extrasystole (coupling interval, 150 milliseconds); the proximal response is split into two independent wave fronts. D, Premature stimuli introduced very late in diastole alsoproduced uniform electrical activity, in this case caused by loss of the dome at all sites. reentrant excitation at the proximal and middle sites. The activity observed is suggestive of circus movement reentry following a pathway similar to that indicated by the arrows. Fig 9C shows Washout of 4-AP was attended by reappearance of electrical inhomogeneity and reentrant activity (Fig  lOA) . The (Fig 11) . Glybenclamide readily reversed the effects of pinacidil at all sites (Fig 12) . The presumed circus movement pathway is indicated by the arrows. B illustrates the effects of glybenclamide, an inhibitor of the ATP-sensitive potassium current, in the continuedpresence of pinacidil. The effects of pinacidil were completely reversed after 15 minutes of exposure to 1 pAmol/L glybenclamide, electrical homogeneity was restored, and all reentrant activity was abolished.
to cause phase 1 to terminate at more negative potentials, as we observed in our epicardial preparations. At these potentials, the inward calcium current (and slowly inactivating sodium current) may be overwhelmed by the outward currents. This, we believe, is the basis for the all-or-none repolarization at the end of phase 1 and marked abbreviation of the epicardial response in the presence of pinacidil. When the balance of current after pinacidil becomes inward at the end of phase 1, the dome is maintained but its emergence may be slowed or delayed (Fig 1) . When the dome is maintained, the accentuation of the notch tends to prolong the action potential, whereas the presence of an additional outward current during phase 3 tends to abbreviate it. Both were observed with low concentrations of pinacidil, especially during the initial 20 to 30 minutes of drug exposure.
The absence of a prominent I,. in endocardium is probably responsible for the lack of more dramatic pinacidil-induced changes in action potential morphology (Fig 1) . The principal effect of low doses of pinacidil in endocardium is a modest abbreviation of the action potential, as would be expected with relatively small activation of IK-ATP. Our results suggest that the presence of a prominent I,.-mediated spike and dome morphology in epicardium but not endocardium is, in large part, responsible for the differential responsiveness of these two tissue types to pinacidil. This hypothesis is supported by the observation that pinacidil produces similar effects in epicardial and endocardial preparations pretreated with 4-AP, an I,. blocker (Fig 3) . Further support for the hypothesis derives from the observation that in epicardium, premature beats, in which I, is greatly diminished (because of slow reactivation kinetics), show only a slight abbreviation in response to pinacidil (Fig 4) . Our data suggest that a relatively small increase in the intensity of KATP, as may occur during myocardial ischemia, can contribute importantly to the development of electrical inhomogeneity in the ventricle.
Other factors believed to contribute to a differential response of epicardium and endocardium to ischemia include the greater sensitivity of IK-ATP in epicardium to intracellular ATP levels, as demonstrated by Furukawa and coworkers,27 and a greater depression of calcium current in epicardium to metabolic inhibition, as recently described in feline ventricular tissues by Kimura et al. 26 Pinacidil-induced loss of the action potential dome causes dispersion of repolarization (and refractoriness) to develop between epicardium and endocardium as well as among different epicardial sites (Figs 1, 2 , and 6 through 12). This heterogeneous response to pinacidil creates a substrate favoring the development of arrhythmias. The pinacidil-induced extrasystolic activity observed in our epicardial preparations appears most consistent with a reentrant mechanism in that the propagating impulse fails to die out after normal activation of the tissue but persists to reexcite certain sites after expiration of their refractory period.49 The electrotonic currents, which continue to flow from the site of long APD to the site of short APD after repolarization of the latter, represent the "impulse that fails to die" and that serves to reexcite the tissue.
Although the precise mechanism responsible for pinacidil-induced reentry cannot be discerned from the limited data available from this study, our results suggest that heterogeneous repolarization at neighboring epicardial sites gives rise to electrotonic currents that cause reentrant excitation via a mechanism akin to reflection (pseudoreflection) or via a circus movement mechanism. In typical reflection, delayed conduction of the impulse permits local circuit (electrotonic) current generated by activation of distal tissues to feed back to the proximal site after expiration of its refractory period, thus effecting reexcitation. It is the appearance of a prominent action potential dome at site A but not site B that generates local circuit current that reexcites site B after expiration of its brief refractory period. In other words, it is the propagation of the action potential plateau across the same pathway (reflection) or alternate pathway (circus movement) as that used for propagation of phase 0 that is responsible for reentry. In some cases, when the dome is maintained at the proximal site but not the distal site, propagation of the dome leading to reexcitation of the distal site occurs in the same direction as phase 0. Thus, a single proximal impulse is split, giving rise to two independent impulses at the distal site that may or may not reenter the proximal tissue (Figs 8 and 9B ). These are novel mechanisms that we have collectively called "phase 2 reentry." They are conceptually similar to the mechanism that Brugada and Wellens50 called prolonged repolarization-dependent reexcitation and others have called focal reexcitation.51-53 The splitting of a single wave into two is also akin to pseudoreflection. [54] [55] [56] [57] We have observed and mapped a similar phenomenon in canine ventricular epicardial sheets exposed to simulated ischemia and flecainide.22,32'58'59 A more definitive assessment as to whether and to what extent reflection or circus movement mechanisms are involved must await high-resolution mapping under these conditions. The participation of other mechanisms, namely enhanced and abnormal impulse formation, are discounted on the basis of our failure to observe activity consistent with early or delayed afterdepolarizationinduced triggered activity or any form of pacemaker activity in the experiments performed in the course of this study. Although humps or deflections suggestive of early afterdepolarizations were frequently recorded, in all cases these could be ascribed to the electrotonic interactions among cells at different levels of repolarization. The known effectiveness of pinacidil in suppressing, rather than promoting, arrhythmic activity caused by triggered activity or abnormal automaticity is also relevant to this issue.7
Our results are consistent with those of Chi and coworkers10 showing a profibrillatory effect of pinacidil in the conscious dog exposed to acute ischemia superimposed on a previous infarction. These authors suggested that pinacidil may promote reentrant activity by contributing to the development of a dispersion of refractoriness in the ventricle. The results of Padrini and coauthors60 showing that pinacidil (10 to 100 ,mol/L) can induce ventricular fibrillation in isolated perfused guinea pig hearts are also consistent with our findings. A preliminary report by Fagbemi et a161 describes the effect of pinacidil to increase the incidence of ventricular fibrillation during hypoxia and reoxygenation of Langendorff-perfused rabbit hearts ([K']., 2.5 mmol/L). The profibrillatory effect of pinacidil was mimicked by phorbol 12,13-dibutyrate. In their study, as in ours, the proarrhythmic effects of both agents were antagonized by glybenclamide. These results were interpreted as suggesting that the potassium channel openers may be influencing the potassium channel via a protein kinase C-associated mechanism.
Pinacidil and cromakalim, a benzopyran potassium channel activator, have been shown to exert proarrhythmic effects in isolated rat hearts subjected to low-flow ischemia62 and ischemia/reperfusion.63 ' In vivo data are more limited; in addition to the study by Carlsson and coworkers,4 a study by Fish and coworkers6 demonstrates an effect of pinacidil to blunt arrhythmias induced by cesium in a rabbit model, and a study by Kerr and coworkers67 demonstrates an antiarrhythmic effect of pinacidil in the subacute phase of myocardial infarction in a canine model. Grover et a163 reported that intracoronary cromakalim reduced the incidence of ventricular fibrillation after ischemia/reperfusion in the anesthetized dog. Despite its effects to diminish digitalisinduced delayed afterdepolarizations in isolated ventrcular myocytes,7 pinacidil proved ineffective in suppressing ouabain-induced arrhythmias in a canine model.67 Pinacidil was also without effect in altering the responsiveness of postinfarction canine hearts with respect to electrical induction of tachyarrhythmias. 10 In conclusion, our data suggest that a relatively small increase in the intensity of IKATP can contribute importantly to the development of cardiac arrhythmias. The available data suggest that blockade of I,, and/or IK-ATP may be useful antiarrhythmic interventions under ischemic or "ATP-depleted" conditions.
The applicability of these findings to humans must be approached with some caution. The clinical relevance of the pinacidil-induced changes observed in canine hearts presumes the presence of similar electrophysiological distinctions between epicardium and endocardium in human ventricles or at least the presence of a similar It0-mediated spike and dome in epicardium. Although direct evidence for electrophysiological distinctions between human ventricular endocardium and epicardium is lacking, indirect evidence for the presence of an I,.-mediated (4-AP-sensitive) spike and dome action potential morphology in human ventricular epicardium has recently been described in a preliminary report by Chiamvimonvat and coworkers.68
Although the potential arrhythmogenicity of potassium channel activators remains to be fully defined in the clinic,48 the available data suggest that because of the many variables involved, this issue may be as elusive in humans as it has proved to be in animal models. Marked electrophysiological heterogeneity between epicardium and endocardium as well as among different epicardial sites has been observed in response to a wide variety of agents, including acetylcholine, sodium and calcium channel blockers, and conditions such as hypoxia and ischemia.22 It seems reasonable to speculate that these agents and conditions may act synergistically with pinacidil and other potassium channel activators to produce dispersion of repolarization and proarrhythmia. These findings suggest that in the presence of high vagal tone and/or agents that inhibit calcium current (eg, adenosine), a relatively small increase in IK-ATP, as may occur during mild ischemia, could more readily induce electrical heterogeneity and extrasystolic activity. These other factors are also likely to shift the rate dependence of arrhythmic activity to faster heart rates. A similar shift in rate dependence might also be expected with conditions that give rise to progressively greater activation of IK-ATP, within limits.
Although not addressed in this study, data obtained from parallel studies suggest major differences in the spike and dome morphology of right vs left ventricular epicardium in the canine heart. Preliminary studies indicate that pinacidil-induced loss of the dome and arrhythmogenesis are more difficult to achieve in left ventricular epicardium because of a smaller notch in the action potential of this tissue. Loss of the dome could be achieved in the left ventricle with higher concentrations of pinacidil (J.M. Di Diego and C. Antzelevitch, unpublished observation).
Like most cardioactive agents, potassium channel activators appear to be able to exert proarrhythmic as well as antiarrhythmic effects, depending on preexisting conditions.7'8 The available data suggest that cardioselective potassium channel activators may prove valuable in combating arrhythmias caused by repolarization abnormalities but may be proarrhythmic in the face of :eentrant or other arrhythmias. It should be noted that ischemia-induced loss of the dome, when homogeneous, may be an important protective mechanism. Suppression of the action potential dome in epicardium after modest activation of IK-ATP could protect the myocardium by inhibiting contractile function in the affected tissue, thus greatly diminishing oxygen demand. The protective role of KATP channel activation in limiting infarct size,6364 preventing contracture,69 and mediating myocardial preconditioning7O suggests that there may be a fine line between the conditions under which potassium channel activators exert antiarrhythmic vs arrhythmogenic actions during ischemia and reperfusion.
